Abstract: Stem cells possess a promising potential in the clinical field. The application and effective delivery of stem cells to the desired target organ or site of injury plays an important role. This review describes strategies on understanding the effective delivery of stem cells labeled with superparamagnetic iron oxide nanoparticles (SPION) using an external magnet to enhance stem cell migration in vivo and in vitro. Fourteen total publications among 174 articles were selected. Stem cell type, SPION characteristics, labeling time, and magnetic force in vivo are considered important factors affecting the effective delivery of stem cells to the homing site. Most papers reported that the efficiency was increased when magnet is applied compared to those without. Ten studies analyzed the homing competency of SPION-labeled MSCs in vitro by observing the migration of the cell toward the external magnet. In cell-based experiments, the mechanism of magnetic attraction, the kind of nanoparticles, and various stem cells were studied well. Meta-analysis has shown the mean size of nanoparticles and degree of recovery or regeneration of damaged target organs upon in vivo studies. This strategy may provide a guideline for designing studies involving stem cell homing and further expand stem cell.
Introduction
Application of superparamagnetic iron oxide nanoparticles with the cellular therapies is an attractive option for the localization of stem cells to sites of interest to repair tissue damage. 1 Stem cell-based therapies are actively studied and used in all showed that MSCs cultured with a cocktail of cytokines induced high surface expression of CXCR4, with chemotactic receptors of SDF-1α upregulated in ischemic tissue. Because MSCs are trapped in the lung after intravenous injection, Yukawa et al 9 modified the administration of transplanted MSCs in combination with heparin treatment and found that this strategy also significantly decreased MSCs trapped in the lungs. Recently, a "magnetic attraction" method for stem cells was developed. 10 The concept of magnetic tagging and targeting could play an important role for future advances in delivery and noninvasive monitoring of cell-based therapeutic interventions. Superparamagnetic iron oxide nanoparticle (SPION) was used for monitoring the migration of injected stem cells by magnetic resonance imaging (MRI). 11 These SPIONs are also well known to be harmless and non-cytotoxic, showing normal MSC viability, proliferation, and differentiation in vivo and in vitro. 12 that when an external magnet (0.32 T) is attached to the skull in the ischemic brain injury rat model for one week, stem cells labeled with SPION after intravenous injection increased 3-fold in the infarct region under the magnet and the infarct size decreased significantly. These theories have long been introduced and can be used to create experimental methods that greatly impact stem cell studies, 16 but there has been no significant progress over 20 years due to the lack of a standardized protocol for magnetized stem cell homing using SPION for magnetic attraction. The methodology to be established for homing is divided into three categories: first, how SPION labels stem cells and whether it is cytotoxic or affects cell differentiation. Second, how do magnetized stem cells home in on a desired location in vivo, given the specific magnetic forces. It is necessary to consider the route of injection in administration of cell (intravenously or directly), the time taken for cells to move to the desired organs post-injection, and the ideal location of the magnet in vivo, in order to evaluate the therapeutic efficacy of magnetized MSC homing in clinical settings. Finally, in order to better understand homing biology and increase homing efficiency in vivo, it is important to establish standardized protocols for the experiments in vitro such as how to change the cellular homing molecules ( Figure 1 ). Therefore, studies of stem cells combined with nanobiotechnology can offer many benefits to stem cell research, including cell homing, which is currently the limiting factor for further advances in this field. The aim of this review was to analyze publications on SPION-labeled stem cells and their magnetic attraction in vivo and in vitro and summarize the strategies for improving magnetized MSC homing. By providing information on established experimental methods for many researchers in these fields, we aim to help define the optimal expansion protocols.
Materials and methods

Search strategy
This review included original English reports that used SPION-labeled stem cells and a magnetic field to promote Studies which were indexed in more than one database (duplicates); incomplete articles; studies from conferences, book chapters, and non-English papers; and those not related to "nanoparticle" or "stem cells" and "magnetic field" were excluded from this review (Figure 2 ).
Data compilation and review (data extraction and quality assessment)
In this review, 2 review authors (Y.J.A. and Y.J.S) have independently extracted and randomly selected data using the search strategies cited earlier and verified the eligibility of the references. Discrepancies in study selection and data extraction that appeared between the two reviewers were discussed with a third reviewer and resolved. The reviewed papers were divided into three categories. The characteristics of the nanoparticles used in the experiment, the results of the in vivo experiments, and the results of the experiments in vitro were analyzed separately in Tables 1-3 respectively. We undertook a quantitative evaluation of data by using random-effect meta-analyses.
Outcome measures
We focused on data presented in each study as follows: 1) the hydrodynamic size of nanoparticles, 2) results of in vivo experiments such as the number of observed cells in the target organ of each study, and 3) results in vitro. However, the result of in vitro study cannot be analyzed because of the lack of results.
Statistical analysis
The mean hydrodynamic size of SPIONs was analyzed. The cell number observed experimentally in vivo was compared in "cells/field" units. The raw mean data and standardized mean difference (SMD) were used to pool studies. Between-study heterogeneity was evaluated using the p-value and I 2 statistics. If I 2 was <50%, the fixedheterogeneity effect model was used, otherwise the random-effect model was performed. All statistical analysis was performed using R software (v. 3.5.0) for Windows with the meta-package.The p-values <0.05 were considered statistically significant.
Results
Overview of the reviewed literature
A total of 174 articles were identified by applying these search strategies. After applying inclusion criteria and removing duplicated articles, 14 total publications were selected ( Figure 2 ). Although stem cell homing studies were used, a majority of the nanoparticle papers used for tracking MRIs were excluded. In this review article, we wanted to analyze only the use of magnetic force to attract stem cells labeled with nanoparticles. Although 19 years of research were analyzed, active research (6 papers, 43%) has been conducted over the past seven years. Asia, especially China, Japan, and South Korea, had the greatest number (43%) of studies conducted, recently followed by European countries and the United States. The reviewed papers were analyzed according to the characteristics of stem cells and SPIONs used experimentally and according to the experimental designs either in vivo or in vitro.
SPION and stem cell characteristics used in homing experiments
There were 9 mesenchymal, 1 bone marrow stromal, 1 endothelial progenitor, 1 neural, and 1 cardiosphere-derived cell lineages used (Table 1) . Nine studies sourced their stem cells from humans, 5 from rats, 1 from rabbits, and 1 from mice. Concerning nanoparticle structural characteristics, the absolute amount of Fe used in each experiment is important for determining the magnetic force; however, this could be described through the concentration of the SPION labeled. Landázuri et al 17 used relatively small laboratory-synthesized nanoparticles. Thus, high heterogeneity was shown. For commercialized nanoparticles used for homing, sizes up to 120-200 nm were used to label cells, which is the size of clathrin-mediated endocytosis. Smaller nanoparticles were also used in some laboratories, but there was no significant difference in labeling efficiency. SPION coating with poly-L-lysine (PLL) as the transfection agent was demonstrated in most of the reviewed studies. In addition to PLL, starch, dextran, silica, and oleic acid were used; these are commonly known as harmless to the human body. To insert nanoparticles into cells for labeling, the zeta potential in contact with the negatively charged cell surface is important. While most selected studies did not report the material's charge, many were negative. Negatively charged nanoparticles have a lower capacity for cell entry than positively charged ones because the cell surface is also negatively charged. 18, 19 However, when internalized by the cell, negatively charged nanoparticles show less cytotoxicity and are thus preferred. The nanoparticle concentration used for labeling ranged from 2 to 500 µg/mL. The stem cell concentration used for labeling ranged from 2×10 4 
Migration of SPION-labeled stem cells by magnetic attraction in vitro
Ten studies analyzed the homing competency of the iron oxide nanoparticle-labeled MSCs by observing the migration of the cell toward the external magnet (Table 3) Results analyzed in vitro could not be quantitatively compared or meta-analyzed due to a lack of data. 
Homing of SPION-labeled stem cells by magnetic attraction in vivo
For in vivo experiments, the magnet's force and location of placement were considered as an important factor for attracting magnetized cells. The homing of iron oxide nanoparticle-labeled MSCs was enhanced through the application of a magnet to a desired site (Table 2) . Nine studies used a neodymium iron boron magnet, 2 used a permanent magnet, 2 used a magnetic device, 1 used a magnetic tip, and 1 study did not mention the magnet type. The corresponding magnetic forces ranged from 0.21 T to 1.5 T. Of these selected publications, 8 studies used rats, 5 used mice, and 1 used rabbits. Among the experimental animal models, 5 used a vascular injury model, 2 used a spinal cord injury model, 1 used muscular injury model, 1 used skin injury model, 1 used cardiac injury model, 1 used ocular injury model, and 1 used olfactory injury models. The most common type was the vascular injury model; three used thread occlusion 15, 24, 25 and two performed balloon inflation to cause injury. 23, 26 Iron oxide nanoparticle-labeled MSC dosage ranged from 5x10 4 to 5×10 6 . The routes of stem cell administration in the selected studies were 5 studies by direct injection to the injury site, 4 studies by intravenous injection, 2 studies by intra-arterial injection, and 1 study by subcutaneous injection. The in vivo homing experiment was observed from immediately to 1 month. Four studies observed the experiment until day 7, 14,15,27,28 while 2 studies, 29, 30 observed for about 1 month in order to determine the duration of MSC retention in the injury site. The researchers were able to observe MSC in the site of injury until 1-month post-administration. The reviewed studies observed an enhanced migration capacity of SPION-labeled MSCs to the injury site with or without application of an external magnetic field to promote effective delivery of MSCs to the desired site. Although there have been few papers reported specific values for homing efficiency in vivo, most papers reported that the efficiency was increased when magnet is applied compared to those without. Cheng et al 24 reported that the efficiency in a myocardial infarction rat model can be increased about 6.4-fold with a 1.3 T NdFeB magnet above the heart. Yun et al 14 
Discussion
Stem cell-based therapies are rapidly evolving for several diseases such as strokes, myocardial infarctions, liver diseases, and demyelinating/dysmyelinating disorders of the central nervous system. [31] [32] [33] [34] [35] Karp and Leng Teo 36 suggested defining cellular homing as an arrest of MSCs within the vasculature of the respective tissue followed by a transmigration process across the endothelium. Several stem cells including MSCs and EPCs, which are multipotent regarding regeneration, are currently used due to their ability to migrate toward damaged tissue. They also exhibit an intrinsic homing property enabling them to direct migration to sites of injury, inflammation, and tumors. [37] [38] [39] However, approaches which rely on cell delivery suffer from poor cell retention at the target site and has potential for adverse effects due to generalized distribution. 40 drawn from the market due to economic reasons. 45 Jo et al 46 indicated that it is practically necessary for efficient cell labeling to accurately control the size and surface state of the iron oxide nanoparticles. SPION labeling has several limitations. First, as the labeling of these particles is timeconsuming, transfection agents are added to enhance cellular uptake of the particles. Most of the reviewed studies used PLL as this transfection agent, functioning as a coating on SPIONs; PLL is commonly used to enhance cell adhesion to the culture dish in vitro and is a prospective vehicle for transporting nanoparticles into cells. Increasing the particle coating or reducing its breakdown when internalized within a cell can greatly reduce toxicity. 47 Thus, these findings suggest that coating nanoparticles with a transfection agent enhances the efficacy of cellular SPION-labeling. Second, the SPION surface potential also contributes to cellular internalization. Jo et al 46 suggests that since the cell surface is negatively charged, nanoparticles with positive surface potentials would ionically interact with the cell surface and result in the enhanced cell internalization of nanoparticles. Third, SPION size is considered as a strong factor of efficient cellular SPION labeling since different particle sizes are correlated with different endocytosis pathways. Arbab et al, 29 Nishida et al, 30 Kyrtatos et al, 23 Song et al, 15 Riegler et al, 11 and Li et al 25 used SPION sizes greater than 120 nm. A nanoparticle placed in the external milieu of a cell can interact with the exterior of the plasma membrane, which can lead to nanoparticle entry through a process termed endocytosis. The pathway through which the nanoparticles are internalized is yet to be known; however, due to their shape and size, it is assumed that they are internalized through caveolae-mediated or clathrinmediated endocytosis. 13, 48 Huang et al 17 proposed that the internalization of nanoparticles had a stimulatory effect leading to an increase in reactive oxygen species (ROS) due to hypoxic conditions. Excess ROS are generated during a variety of cell stresses and may contribute to inflammation and cell or tissue damage. 49 Yun et al 14 also demonstrated that the increase in CXCR4 by MSC internalization of iron oxide nanoparticles improved magnetized MSC homing to the injury site by SDF-1/CXCR4 chemotaxis. When cells are labeled with SPION, they exhibit issues concerning cytotoxicity or differentiation, and this is of great clinical concern. In the reviewed 14 studies, no cytotoxicity was noted in the SPION-labeled stem cells. This suggests the safety of iron oxide nanoparticles as a labeling agent to enhance homing rates. Most of the reviewed studies applied the external magnet directly to the site of interest to enhance the homing effect of the MSC. The World Health Organization (WHO) suggests occupational limits for the general public of 5,000 mG (milligauss) and 1,000 mG for electric and magnetic fields, respectively. Schäfer et al 50 proposed
that the paramagnetic ions NA + and K + are crucial for maintaining membrane potential, and their distribution may be influenced by magnetic fields; thus, further investigation is needed to determine the molecular mechanisms of interactions between stem cell biology and magnetic fields. According to Marycz et al, 51 the static magnetic field is classified as a weak (<1 mT), moderate (1 mT to 1 T), strong (1 T to 5 T), or ultrastrong (>5 T) field. Most reviewed papers used magnets with a moderate magnetic field, and no changes in cell viability were shown. Lew et al 52 suggested that the proliferation of dental pulp stem cells enhanced by a 0.4 T static magnetic field (SMF) is considered to be a model of the p38 MAPK signaling pathway as well as intracellular calcium ion activation.
Most reviewed papers applied a magnet to the external surface of the injury site; this may be due to easy application and to avoid the risk of infection during surgical insertion of the magnet. The magnet application site and type may vary according to the target organ or area.
53
In meta-analysis of our study, there are different types of nanoparticles, stem cells, animal models, and target organs used in each study, resulting in a bias in statistical results. Our meta-analysis shows just basic information of previous studies. However, in most of the studies we reviewed, the detailed quantitative results were not disclosed even in supplements, which become a major limitation of our study. The future studies will be suggested that it is desirable to be able to present quantitative results together. Regarding SPIONs, many reports did not show the number, size, or zeta potential of the SPIONs used. Some studies did not report the number of stem cells observed in each target organ, but they showed the degree of recovery or regeneration of damaged target organs in vivo. In in vitro studies, quantifiable results were rarely reported. Additional studies should be reported in the future and accompanied by quantitative reports.
Conclusion
This review has provided information on overall experimental methods. However, further studies should be conducted. First, the mechanism of endocytosis during SPION labeling should be clarified. We must reveal the mechanisms used, from endocytosis to exocytosis, and develop various types of SPIO for reliable labeling. If we can control this mechanism, safer magnetized MSCs can be produced clinically. Using magnetic attraction, location tracking via MRI would be able to accurately evaluate the efficiency of magnetized MSCs. It will be necessary to develop a SPION that is safe, noncytotoxic to stem cells, and able to maximize magnetic attraction. This is also important to ensure the localization of the circulating cells to the desired location in the vascular system without being washed out in the lungs. Although there are many important issues to address, cell therapies using the attraction of magnetized MSCs are suggested as potential treatment, repair, or replacement strategies for stem cells.
